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AMPK phosphorylates and stabilises copper transporter 1 to
synergise metformin and copper chelator for breast cancer
therapy
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BACKGROUND: Predominant roles of copper and its transporter, copper transporter 1 (CTR1), in tumorigenesis have been explored
recently; however, the upstream regulation of CTR1 and combinational intervention of copper chelators in malignancies remain
largely unclear.

METHODS: CRISPR/Cas9-based kinome screening was used to identify the CTR1 upstream kinases. Immunofluorescence assays
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were utilised to detect CTR1 localisation. In vitro kinase assays and mass spectrometry were performed to detect CTR1
phosphorylation. Ubiquitination assays were performed to validate CTR1 stability. Colony formation, EdU labelling, Annexin V-FITC/
Pl-based apoptosis assays were carried out to detect the drug effect on cell growth and apoptosis. Xenografted mouse models were

employed to investigate drug effects in vivo.

RESULTS: We identify that CTR1 undergoes AMPK-mediated phosphorylation, which enhances CTR1 stabilisation and membrane
translocation by affecting Nedd4l interaction, resulting in increased oncogenic roles in breast cancer. Importantly, activation of
AMPK with its agonist metformin markedly enhances CTR1 levels, and leads to the combinational usage of AMPK agonists and

copper chelators for breast cancer treatment.

CONCLUSIONS: Our findings not only reveal the crosstalk between energy response and copper uptake via AMPK-mediated CTR1
phosphorylation and stability but also highlight the strategy to combat breast cancer by a combination of AMPK agonists and

copper chelators.

SIGNIFICANCE: The connection between energy response and copper homoeostasis is linked by AMPK phosphorylating and
stabilising CTR1, which provides a promising strategy to combat breast cancer by combining AMPK agonists and copper chelators.

British Journal of Cancer (2023) 128:1452-1465; https://doi.org/10.1038/s41416-022-02127-4

INTRODUCTION

Breast cancer is now the most frequent malignancy worldwide.
Based on the presence of molecular markers for estrogen
receptor (ER)/progesterone receptor (PR) and human epidermal
growth factor 2 (HER2), breast cancers have been categorised into
three major subtypes including ER-positive, HER2-positive, and
triple-negative breast cancer (TNBC) [1]. Noteworthily, although
only approximately 15% of all breast tumours belong to TNBC,
they exhibit a relatively high risk of metastasis and recurrence, as
well as poor prognosis, coupled with lacking targeted therapy
[2-4]. Thus, huge efforts have been devoted for exploring the
strategies for TNBC intervention. For example, TNBC patients
bearing BRCA mutations display deficient DNA damage repair [5],
leading to clinical response to the poly (ADP-ribose) polymerase
(PARP) inhibitors [6]. In addition, phosphatidylinositol-3-kinase

(PI3K) inhibitors have been successfully employed for PIK3CA-
mutated cancers, and immunotherapeutic targeted PD-L1 block-
age has also been applied in TNBC [6, 7]. However, despite initial
responses to these therapies, TNBC commonly becomes prone to
metastasis and relapse due to its heterogeneity [4]. Hence, it is
necessary and urgent to establish and develop novel targeted
interventions for TNBC.

Apart from genetic factors, unbalanced trace elements are
closely associated with breast cancer risk [8]. Copper, an essential
trace element, serves as a key component in a number of copper-
dependent enzymes; therefore, dysregulation of copper has
been remarkedly involved in multiple pathologic processes [9].
Interestingly, higher copper levels have been observed in either
serum or tumour tissues of breast cancer patients [8, 9], and
copper also plays a critical role in tumour cells and their
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microenvironments [10], which supports copper depletion as an
attractive therapeutic strategy [10]. For example, copper could
bind mitogen-activated protein kinase kinase 1 (MEK1) [11], 3-
phosphoinositide-dependent protein kinase 1 (PDK1) [12], unc-
51-like kinase 1/2 (ULK1/2) [13] to contribute to tumorigenesis of
melanoma, breast and non-small cell lung cancer (NSCLC)
respectively. Recently, intra-tumoral copper reveals an important
role in regulating PD-L1 expression to influence tumour immune
evasion [14]. Hence, depleting CTRT or chelating copper to
deprive intratumor copper has provided a vital treatment
strategy for tumour immunotherapy. As such, copper chelators
ammonium tetrathiomolybdate (TTM) and disulfiram (DSF) have
begun to apply as anti-cancer agents in cancer clinical trials [15].
For instance, orally bioavailable TTM is now undergoing a Phase
Il clinical study, and shows a potential benefit for survival in
advanced TNBC patients [15].

As a key cellular energy sensor, AMP-activated protein kinase
(AMPK), is an important hub of metabolic homoeostasis, a hallmark
of cancer. AMPK activation has been considered as a promising
strategy for treating metabolic diseases including diabetes, obesity
and cancers [16]. Remarkably, AMPK exhibits functions on reducing
breast cancer cell proliferation [17], and enhancing apoptosis in
breast cancer mouse models [18], which provides the rational for
employing AMPK activators, such as metformin for breast cancer
therapy [19]. As a result, diabetic patients who have received
metformin administration, display a relatively lower risk of breast
cancer incidence possibly due to the activation of AMPK [20].
Unexpectedly, although metformin exhibits unique anti-TNBC
actions both in vitro and in vivo [21], long-term metformin
utilisation fails to show any relevance with breast cancer prognosis
[22], possibly due to acquired drug resistance. For example, cross-
resistance to metformin and tamoxifen was induced via constitutive
activation of AKT/Snail/E-cadherin signalling in breast cancer cells
[23]. Thus, revealing the underlying mechanisms of resistance to
metformin and developing purposeful strategies to overcome this
resistance are in urgent need. In this report, via a CRISPR/Cas9-based
approach for screening CTR1 upstream regulatory kinase(s), we
identify that AMPK directly phosphorylates and stabilises CTR1 to
promote copper uptake and activating downstream oncogenic
signals, providing a promising strategy by a combination of
metformin and TTM for breast cancer therapy.

RESULTS

CRISPR/Cas9-based screening for CTR1 upstream regulatory
kinase

Due to the critical roles of CTR1 in copper uptake and subsequently
promoting tumorigenesis [11-13], we tended to determine whether
CTR1 is undergoing a kinase-dependent turnover regulation. To this
aim, we set up a CRISPR-based screen system as we previously
reported [24]. Briefly, constructs encoding GFP-fusion CTR1 and
separated expression of RFP were stably expressed and further
infected with CRISPR/Cas9-based kinome viruses. After selecting
and sorting with GFP and RFP, the kinases enhancing CTR1 protein
levels were identified, among which PRKAA1 (AMPKa1) was ranged
as one of the top kinases (Fig. 1a, b). In keeping with this finding,
increased CTR1 abundance in protein but not mRNA levels
were validated in wild-type (WT) but not kinase-dead (KD, K45R)
AMPKa1-overexpressing cells, accompanied with decreased well-
established copper readout protein, copper chaperone for super-
oxide dismutase (CCS) levels [25-27] (Fig. 1¢, d and Supplementary
Fig. S1a, b).

Next, we observed that pathologically activated AMPK by
employing AMPK agonists such as metformin, A-769662 and AICAR
dramatically promoted CTR1 protein abundance and reduced CCS
levels in both HEK293T and breast cancer MDA-MB-231 cells (Fig. e,
f and Supplementary Fig. S1c). Consistently, activated AMPK could
not increase CTRT mRNA levels (Supplementary Fig. S1a), and alter
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the formation of CTR1 homodimer (Supplementary Fig. S1d), a
functional status for copper uptake. In accordance with this finding,
CTR1 expression was prominently reduced in Ampkal/2 double
knockout MEFs and breast cancer BT-549 cells (Fig. 1g), indepen-
dent of CTRT mRNA levels (Supplementary Fig. S1e). To further
reveal whether AMPK could elevate CTR1 in protein level, CTR1 half-
lives were detected, and showed that depletion of Ampka
apparently shortened CTR1 half-life (Fig. 1h), while activation of
AMPK markedly prolonged CTR1 half-life (Supplementary Fig. S1f),
indicating that AMPK modulates CTR1 at least in part by enhancing
its protein stability. Furthermore, restored the catalytic components
of AMPK including AMPKal and AMPKa2, both enhanced
endogenous CTR1 expression, coupled with decreased CCS levels
(Fig. 1i). More importantly, to evaluate the correlation of AMPK
activation and CTR1 expression, we detected the phosphorylation of
acetyl-CoA carboxylase 1 (ACC1), a canonical marker for AMPK
activation [28], and elevated CTR1 expression was observed
significantly correlated with the activation of AMPK in breast
tumour tissues (Fig. 1j, k). These findings together suggest that
AMPK enhances CTR1 protein stability.

AMPK enhances CTR1 membrane translocation

As a major copper transporter, CTR1 mainly resides and functions in
plasma membrane [29-34]. To this end, we sought to investigate
whether AMPK could enhance CTR1 membrane localisation. Of
note, AMPK activators such as metformin and AICAR indeed
enhanced CTR1 membrane localisation observed by cell fractiona-
tion and immunofluorescence assays (Fig. 2a—-d and Supplementary
Fig. S2a-d). Moreover, AMPK activation induced by deprivation of
glucose or treated with 2-DG physiologically (Fig. 2a, b), by treated
with metformin or AICAR pathologically (Fig. 2a—d and Supplemen-
tary Fig. S2a-d), and by enforced expression of AMPKa (Fig. 2e-h
and Supplementary Fig. S2e), all markedly enhanced CTR1
membrane localisation, which was obviously antagonised by AMPK
inhibitor Compound C (Comp Q) (Fig. 2¢, d and Supplementary Fig.
S2a-f) or expressing the kinase-dead AMPKal (K45R) (Fig. 2e-qg).
Consistent with these findings, restoring the catalytic component
AMPKa1 could markedly enhance endogenous CTR1 membrane
localisation (Fig. 2h). These findings together suggest that activation
of AMPK contributes to CTR1 membrane localisation.

AMPK directly interacts with and phosphorylates CTR1
As a serine/threonine kinase, AMPK has been revealed to
phosphorylate many substrates and plays distinct roles in metabolic
homoeostasis and tumorigenesis [35, 36]. With the predominant
effect of AMPK on CTR1 protein levels, we sought to detect whether
AMPK could interact with and phosphorylate CTR1. To this end, the
interaction of AMPKal and CTR1 was initially performed, and
AMPKa1 was identified to bind CTR1 in cells (Fig. 3a). Interestingly, a
potential AMPK phosphorylation motif was nailed down in CTR1
cytoplasm region (Fig. 3b). Via an in vitro kinase assay coupled with
mass spectrometry (MS) analysis, S105 residue within the cytoplasm
region of CTR1 was identified as a potential AMPK phosphorylation
site (Fig. 3c), while substitution of S105 to A105 markedly
attenuated AMPK-induced CTR1 phosphorylation detected with
the AMPK substrate phosphorylation antibody (Supplementary
Fig. S3a). To further elucidate this phosphorylation event under
physiological conditions, we generated and validated specific
antibodies against phosphorylated S105-CTR1 (Supplementary
Fig. S3b). As a result, activation or ectopic expression of AMPK
markedly elevated CTR1 phosphorylation in S105 (Fig. 3d, e),
whereas inhibiting AMPK pharmacologically or enforced expression
kinase-dead AMPK obviously abrogated CTR1-S105 phosphoryla-
tion (Fig. 3d, e and Supplementary Fig. S3c, d). These findings
suggest that CTR1 is a bona fide substrate of AMPK.

In common, the phosphorylation of serine is well mimicked by
substituting to aspartic acid (D) or glutamic acid (E), whereas non-
phosphorylation of serine is mimicked with alanine (A) [37].
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was validated to be phosphorylated by AMPK, S105A substitution
markedly blocked AMPK and its agonists induced CTR1 phosphor-
ylation (Fig. 3f-j). Simultaneously, CTR1 expression and membrane
localisation induced by ectopic expression of AMPKa1 or activation
of AMPK could be counteracted by ST05A mutant, coupled with
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Fig. 1 AMPK enhances CTR1 protein levels. a, b Screening the kinase(s) stabilising CTR1 via a CRISPR/Cas9 system using high-throughput
sequencing. ¢ Immunoblot (IB) analysis of whole cell lysate (WCL) derived from HEK293T cells transfected with the indicated constructs.
d Flow cytometry analysis of CTR1 expression for HEK293T cells transfected with the indicated constructs. e, f HEK293T and MDA-MB-231 cells
were treated with AMPK agonists including metformin (20 mM), A-769662 (200 uM), and AICAR (1 mM), respectively, for 3h and then
subjected to IB analyses. g IB analyses of WCL derived from Ampka” and counterpart MEFs and BT-549 cells. h IB analysis of WCL derived from

Ampka”

and counterpart BT-549 cells treated with indicated time course of CHX (100 pg/ml). i BT-549-Ampka”" cells were infected with

lentiviruses encoding indicated proteins and then selected with hygromycin (100 pg/ml) for 5 days, the resulting and WT cells were subjected
to IB analysis. j, k Image representation of immunohistochemistry (IHC) for CTR1 expression and ACC1 phosphorylation in different breast
cancer tissues from TMA (j). The correlation of CTR1 expression and ACC1 phosphorylation was calculated and analysed using x> analysis

(P < 0.05) (k). Bar indicates 100 pm.
«

reverse changes of CCS levels (Fig. 4a-e). Unexpectedly, S105A-
CTR1 still displayed a relatively high membrane localisation
capability compared with intact CTR1 (Fig. 4c—e). Moreover, in the
functional studies, both S105A and S105D CTR1 exhibited
prolonged half-lives compared with WT CTR1 (Supplementary
Fig. S3e), and enhanced CTR1 membrane translocation (Supple-
mentary Fig. S3f), with no effect on CTR1 dimer formation
(Supplementary Fig. S3g). These observations indicate that AMPK-
mediated phosphorylation of S105 is important for CTR1 stability
and membrane localisation; however, ST05A or S105D substitution
could not well mimic the non-phosphorylation or phosphorylation
status of CTR1 respectively, which limited the utilisation of these
mutations to evaluate the phosphorylation effect on CTRI-
mediated AMPK functions.

AMPK phosphorylates CTR1 to abrogate Nedd4l-mediated
ubiquitination

Due to the previous finding that CTR1 undergoes Nedd4l-
mediated ubiquitination and degradation [12], and AMPK
stabilises CTR1, we sought to detect whether AMPK could affect
Nedd4l-mediated CTR1 degradation. To this end, ectopic expres-
sion of AMPKa1 apparently repressed the interaction between
CTR1 and Nedd4l (Fig. 5a). Consistent with this finding, metformin
and AICAR repressed, whereas Compound C enhanced CTR1/
Nedd4l interaction (Fig. 5b, c). To test whether AMPK-mediated
phosphorylation affects CTR1/Nedd4l interaction, we observed
that AMPK expression, metformin or AICAR treatment-reduced
CTR1/Nedd4l interaction was largely elevated upon administration
of lambda-phosphatase (A-phosphatase) (Fig. 5d-f). Consistently,
AMPK and its agonists repressed Nedd4l-mediated CTR1 ubiqui-
tination, resulting in elevated CTR1 stability (Fig. 5g-i). Meanwhile,
ubiquitin-conjugation of endogenous CTR1 in AMPKa-depleted
BT-549 cells was largely increased, which was attenuated by re-
introducing AMPKa (Supplementary Fig. S3h). These observations
indicate that AMPK stabilises CTR1 by blocking its interaction with
the E3 ubiquitin ligase Nedd4l, and inhibiting Nedd4l-mediated
CTR1 ubiquitination.

Copper chelator synergises with AMPK agonists for breast
cancer therapies

AMPK is commonly considered as a tumour suppressor in different
cancer settings; thus, its agonist metformin has been broadly applied
in clinical studies for cancer therapies [38, 39]. However, metformin
displays an unsatisfactory benefit for certain cancer therapies,
including breast cancer. Here we showed that AMPK and its
activators could enhance the phosphorylation and stability of CTR1,
which facilitates copper uptake and exerts a critical role in drug
resistance or cell growth in breast cancer by activating MAPK or AKT
pathways [11, 12], which will contribute to the resistance of
metformin. Thus, we raised the question that whether targeting
copper-CTR1 axis could synergise with metformin for cancer therapy.
To this end, we first employed copper chelator TTM, which has been
exploited in clinical trials for melanoma [40], thyroid cancer [41], and
breast cancer [15], and observed that AMPK knockout significantly
decreased TTM functions in repressing cell proliferation and
enhancing cell apoptosis (Supplementary Fig. S4a—c). In addition,
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TTM enhanced WT but not CTRI-deficient breast cancer cell
apoptosis (Supplementary Fig. S4d-g), while re-introduction of
CTR1 restored CTRI-deficient breast cancer cell response to TTM
(Supplementary Fig. S4h, i), indicating that TTM functions in anti-
tumour growth indeed by chelating CTR1-mediated copper
transportation. Interestingly, CTR7 depletion diminished synergistic
effect of metformin with TTM for promoting breast cancer apoptosis
(Supplementary Fig. S4d-g), suggesting that AMPK-mediated
elevation of CTR1-copper axis is an acquired target for breast cancer
therapy. To validate the combination of AMPK agonist and copper
chelator, we treated breast cancer cells with metformin, and
observed that metformin activated AMPK signalling coupled with
increased cellular copper levels as indicated by the decrease of CCS
(Supplementary Fig. S4j), leading to cellular response to copper
chelator TTM treatment (Supplementary Fig. S4f-i).

To investigate the sensitivity of metformin or TTM for different
breast cancer cells, the ICsy for different breast cancer cells was
measured (Supplementary Fig. S5). Subsequently, concentrations of
metformin or TTM lower than ICso were selected for exploring their
synergic effect (Supplementary Tables S1 and S2). As a result, breast
cancer cells exhibited more sensitivity to the combinational
administration of metformin and TTM in repressing cell viability
(Fig. 6a, b and Supplementary Fig. S6a), cell proliferation (Fig. 6¢, d
and Supplementary Fig. S6b), colony formation (Fig. 6e, f and
Supplementary Fig. S7a-d), and elevated cell apoptosis (Fig. 6g, h
and Supplementary Fig. S8e). To exclude the broad functions of
metformin in AMPK-independent manner, we also employed
another AMPK agonist, AICAR for functional studies. The results
showed that, similar to metformin, AICAR also could synergise with
TTM to markedly repress breast cancer cell viability, proliferation
and promote cell apoptosis (Supplementary Fig. S8a-d). Finally, to
explore the synergic roles of these two drugs in vivo, tumours
derived from breast cancer cells were further challenged with
administration of metformin and TTM individually or in combina-
tion. The result showed that these two drugs played robustly
synergic roles in suppressing breast cancer tumour growth, coupled
with decreased cell proliferation index Ki-67 with tolerable side
effects (Fig. 7a—j and Supplementary Fig. S9a—d). In addition, TTM
has also been reported to repress breast cancer migration [42]; thus,
the combination of TTM and metformin indeed detectably
suppressed breast cancer invasion and migration (Supplementary
Fig. S10a, b). These findings together suggest that metformin-
mediated AMPK activation will promote CTR1 expression, which
sensitises the cells to copper chelators.

DISCUSSION

As a hallmark of cancer, tumour metabolic homoeostasis is
attracting more attention these years, among which, energy-
related regulations by AMPK in tumorigenesis are predominantly
focused [36]. AMPK, considered as a tumour suppressor, could be
activated by metformin, a drug widely used for diabetes [43], now
broadly applied for cancer therapies [44]. Unexpectedly, some
studies indicate that AMPK also exerts oncogenic roles under
certain conditions to help tumour cells tolerate energy deprivation
[35, 45-49]. Here, via a CRISPR/Cas9-based screening, we identify
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that AMPK physiopathologically elevates CTR1-copper axis, lead-
ing to its downstream oncogenic signalling activation, which
possibly contributes to cellular tolerance to energy deprivation.
However, whether elevated CTR1-copper axis-induced metabolic

alterations contribute to this process is desired to be further
explored. On the other hand, although metformin has been
clinically or preclinically employed for cancer therapies, less
response and acquired resistance commonly occur for distinct
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(20 mM), Compound C (2.5 pM), and MG132 (25 pM) for 6 h, the resulting cells were harvested and subject to IP and IB analyses. f-h HEK293T cells
were transfected with indicated constructs and then treated with metformin (20 mM), A-769662 (200 pM), and MG132 (25 pM) for 6 h, respectively,
resulting cells were harvested and subject to IP and IB analyses. i, j In vitro kinase assays were performed with recombinant AMPKa1p1y2 as the
source of kinase and bacterially purified (i) or cellular purified (j) CTR1 as the substrates, the products were subject to IB analysis.

reasons. Due to the fact that pathological activation of AMPK by its
agonists such as metformin and A-769662 in cancer or diabetes
therapies, will promote copper transportation and activating
downstream MAPK and AKT pathways [11, 12], possibly resulting
in resistance to metformin-mediated cancer therapies (Fig. 7k).
Copper chelator TTM has been exploited for cancer therapies,
mainly focusing on the BRAFY*°® mutant melanoma [40], thyroid
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[41] and breast [15] cancers, due to the capability of copper
directly activating the driver genes, such as MEK and Memo/AKT,
respectively. However, given the potential side effects, single use
of TTM has displayed unsatisfactorily for cancer intervention. Of
note, previous studies also reveal that TTM could function as a
chemosensitizer by increasing apoptosis of malignant cells in
combination with cytotoxic chemotherapeutic agent doxorubicin
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Fig. 4 AMPK-mediated CTR1 phosphorylation affects its protein level and localisation. a, b HEK293T cells were transfected with indicated
constructs and then treated with metformin (20 mM) for 6 h, resulting cells were subjected to IB analyses. c-e HER293T cells were transfected
with indicated constructs and then treated with metformin (20 mM) and glucose-starved for 6 h, respectively, and then subject to cell

fractionation and IB analyses.

[50]. Due to the CRISPR screening result, we have identified that
the tumour suppressor AMPK exhibits a ‘side effect’ to elevate
CTR1-copper axis, an oncogenic pathway in diverse cancers. To
this end, administration of AMPK agonist will unexpectedly
elevate CTR1-copper signalling, which provides the strategy for
the combination of AMPK agonist metformin with copper chelator
TTM for breast cancer therapies, which has been initially validated
both in cells (Fig. 6 and Supplementary Figs. S6 and S7) and in
xenograft mouse models (Fig. 7a-j). However, previous study also
reported that copper chelator TTM could also activate AMPK [42];
thus, whether there is a potential feedback regulation around
AMPK-CTR1-copper axis is warrant to further investigation.

Due to the limitation of detecting copper concentration and
CTR1 expression, the usage of copper chelator for cancer therapies
has been markedly restricted. Here, we show the broadly used
AMPK agonist metformin could strongly induce CTR1 expression,
and they display a tight association in breast cancer patients,
which provides us a marker by detecting AMPK activity for
utilising copper chelator for breast cancer therapies. More
recently, non-copper transporter roles of CTR1 have also been
identified to mediate VEGFR2 function in promoting angiogenesis
via ROS-induced CTR1 cysteine oxidation [51]. Here we show that
CTR1 undergoes AMPK-mediated phosphorylation upon energy
deprivation or metformin administration. Thus, elevated CTR1 will
engage its oncogenic functions via both copper-dependent and
-independent roles. As such, only deprivation of copper with its
chelators will be not enough to diminish CTR1 oncogenic
functions, therefore, specific antibodies or PROTAC approaches

will be developed to leash oncogenic roles of CTR1. In summary,
our findings not only reveal the fine-tuned regulation of
CTR1 stabilisation by AMPK-mediated phosphorylation, but also
highlight the promising strategy via combinational usage of AMPK
agonists and copper chelators for tumour therapies, especially for
TNBC therapies.

METHOD AND MATERIALS

Cell lines, transfection and infection

HEK293T cells were cultured in HyClone Dulbecco’s Modified Eagle
Medium (DMEM) supplemented with 10% foetal bovine serum
(FBS), penicillin (100 units) and streptomycin (100 ug/ml). BT-549
Ampka™~ and counterpart BT-549 Ampka"", MEFs Ampka™~ and
MEFs Ampka"’" were obtained from Dr Wei (Beth Israel Deaconess
Cancer Cetner). These cells were maintained in DMEM medium
supplemented with 10% FBS. MDA-MB-231-LUC-D3H2LN cells
were kindly provided by Dr Junchao Cai (Sun Yat-sen University),
cultured in DMEM medium with 10% FBS. Breast cancer cell lines
including MCF-7, T47-D, BT-474, ZR-75-30, SKBR-3, BT-549, MDA-
MB-453, MDA-MB-231, MDA-MB-468 were cultured in RPMI 1640
medium or DMEM medium supplemented with 10% FBS and kept
in our lab. Cell transfection was performed using Lipofectamine or
PEI (Polysciences) according to the manufacturer’s instructions.
Packaging of knock-down or over-expression viruses, as well as
subsequent infection of various cell lines were performed
according to the methods described previously [12]. After viral
infection, cells were maintained with different concentrations of
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Fig. 5 AMPK activation blocks Nedd4l-mediated CTR1 degradation. a, b HEK293T cells were transfected with indicated constructs and then
treated with metformin (20 mM) and MG132 (25 pM) for 6 h, the resulting cells were subject to IP and IB analyses. ¢ HEK293T cells were
transfected with indicated constructs and then treated with AICAR (1 mM), Compound C (2.5 pM) and MG132 (25 pM) for 6 h, the resulting
cells were subject to IP and IB analyses. d—f HEK293T cells were transfected with indicated constructs and then treated with metformin
(20 mM), AICAR (1 mM), and MG132 (25 pM) for 6 h, respectively, and the resulting cells were harvested and incubated with A-phosphatase and
then subject to IP and IB analyses. g HEK293T cells were transfected with indicated constructs and then treated with metformin (20 mM) for
6 h, and the resulting cells were harvested and subject to IB analysis. h, i HEK293T cells were transfected with indicated constructs and then
treated with metformin (20 mM), AICAR (1 mM), and MG132 (25 puM) for 6 h, respectively, and the resulting cells were harvested and subject to

Ni-NTA beads pull-down (PD) and IB analyses.

hygromycin or puromycin, depending on cell lines and the viral
vectors used to infect cells.

Antibodies and reagents

All antibodies were used at a 1:2000 dilution in TBST buffer with 5%
bovine serum albumin (BSA) for western blot. Anti-CTR1 antibody
(13086), anti-phospho-Ser79-ACC antibody (11818), anti-ACC1 anti-
body (3676), anti-phospho-Thr172-AMPKa antibody (50081),
anti-AMPKa antibody (5831), anti-phospho-ERK1/2 antibody (4370),
anti-ERK1/2 antibody (4695), anti-B-Tubulin (2128) antibody, anti-AlF

British Journal of Cancer (2023) 128:1452 - 1465

(5318) antibody, anti-phospho-Akt Substrate (RXXS*/T*) antibody
(9614), anti-Caspase-3 antibody (14220), anti-PARP-antibody (9532),
anti-Cleaved PARP antibody (5625), anti-Ubiquitin antibody (3933),
anti-rabbit 19G (H+-L), F(ab’), Fragment (Alexa Fluor® 488 Conjugate)
(4412), and anti-mouse IgG (H+L), F(ab’), Fragment (Alexa Fluor®
594 Conjugate) (8890) were obtained from Cell Signaling Technol-
ogy. Anti-Thiophosphate ester antibody (ab92570) was obtained
from Abcam. Anti-CTR1 polyclonal antibody (NB100-402) was
obtained from Novus Biologicals. Anti-CCS antibody (22802-1-AP)
and anti-GST-tag antibody (66001-1-lg) were obtained from
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Proteintech. Anti-Vinculin antibody (V4505), monoclonal anti-Flag
antibody (F-3165, clone M2), anti-Flag-M2 affinity gel (A2220) were
obtained from Sigma. Anti-Actin antibody (sc-69879) and protein A/
G plus-agarose (sc-2003) were obtained from Santa Cruz. Mono-
clonal anti-HA antibody (901503) was obtained from BiolLegend.
Streptavidin agarose (20353) was obtained from Thermo Fisher

RO S
00(&0 “e <‘ Qe\“

Scientific. Glutathione-Sepharose 4B (17-0756-05) was obtained
from GE Healthcare. Ni-NTA agarose (30230) was obtained from
QIAGEN. Peroxidase-conjugated anti-mouse secondary antibody
(115-035-003) and peroxidase-conjugated anti-rabbit secondary
antibody (111-035-003) were obtained from Jackson ImmunoRe-
search. Peroxidase-conjugated mouse anti-rabbit IgG LCS (A25022,
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Fig.6 Metformin synergises with copper chelator TTM in breast cancer cells. a, b T-47D and MDA-MB-231 cells were treated with indicated
concentrations of metformin and TTM individually or in combination for indicated time point, then the cell viabilities were detected and
analysed (mean £SD, n=3). ¥*P<0.05, **P<0.01 (Student’s t-test). Coefficient of drug in interaction (CDI) was calculated. CDI<1 means
synergistic effect, CDI<0.7 means a significantly synergistic effect. ¢, d T-47D and MDA-MB-231 cells were treated with indicated
concentrations of metformin and TTM individually or in combination for 24 h, and the resulting cells were fixed and labelled with EdU, relative
EdU-labelled cell numbers were normalised and plotted (c and d, right panel) (mean +SD, n = 3). ¥*P < 0.05, **P < 0.01 (Student’s t-test). Bar
indicates 100 pm. e, f T-47D and MDA-MB-231 cells were treated with different concentrations of metformin and TTM individually or in
combination for indicated time point, the resulting cells were fixed and stained with crystal violet solution, relative colony numbers were
normalised and plotted (e and f, right panel) (mean +SD, n = 3). *P < 0.05, **P < 0.01 (Student’s t-test). g, h T-47D and MDA-MB-231 cells were
treated with indicated concentrations of metformin and TTM individually or in combination for 48 h, the resulting cells were subjected to
Annexin V-FITC/Pl-labelled apoptosis assays, apoptotic cells were quantified (g and h, right panel) (mean +SD, n = 3). *P < 0.05, **P < 0.01

(Student’s t-test).

1:10,000) was obtained from Abbkine. The polyclonal antibodies
against phospho-5105-CTR1 were generated by ABclonal Technol-
ogy from rabbits. The antigen sequence utilised for immunisation
was CTR1 aa102-109 (RYNS*MPVP). S* represents phosphorylated
residue in this synthetic peptide.

AMPK agonists including metformin (S1950), A-769662 (S2697),
AICAR (51802), 2-DG (54701), and AMPK inhibitor Compound C
(S7840), MG132 (52619) were obtained from Selleck. Gibco DMEM
without glucose (11966025) was purchased from Thermo Fisher
Scientific. DOX (D1515) and TTM (323446) were purchased from
Sigma. CuSO, (C805782) was purchased from Macklin.

DNA constructs and mutants

To carry out kinome screening, the fragment CTR1-GFP-IRES-RFP
obtained by overlap extension PCR was cloned into mammalian
expression vector pLenti-Hygro. The fragments CTR1-GFP, CTR1-
S105A-GFP, and CTR1-S105D-GFP acquired by overlap extension
PCR were cloned into the vector pcDNA3.1. HA-AMPKal,
HA-AMPKa2, HA-AMPKa1-K45R, CTR1-HA, CTR1-S105A-HA, and
CTR1-S105D-HA were inserted into the vectors pcDNA3.1 and
pLenti-Hygro, respectively. CTR1, CTR1-S105A, and CTR1-S105D
were inserted into the vectors pcDNA3-Strep-Flag and pCMV-GST,
respectively. AMPKB1 and AMPKy2 were cloned into the vector
pCMV-GST. Constructs of pcDNA3-Flag-Nedd4l, pcDNA3-Flag-
Nedd4l-AC2, His-ubiquitin, and pLKO-shCTR1-tet-on were pre-
viously described [12]. pGEX-4T-CTR1 and pGEX-4T1-CTR1-S105A
were cloned into indicated vectors. Details of plasmid construc-
tions are available upon request. All plasmids were generated
using the QuikChange XL Site-Directed Mutagenesis Kit (Strata-
gene) according to the manufacturer’s instructions.

CRISPR-based kinome screening

The lentiviral vector pLenti-hygro-CTR1-GFP-IRES-RFP was packaged
into viruses to infect and integrate into HEK293T cells. Under
hygromycin selecting, the stable clones were obtained after 7 days.
Following infection with CRISPR-Cas9 kinase lentivirus library [52],
the clones were selected by treated with puromycin for 7 days to
establish stable clones. The stable clone cells were sorted and
collected by flow cytometry according to the fluorescent intensity
of GFP. The collected high and low GFP cells were used for genomic
DNA extraction and further carried out for high-throughput
sequencing. Compared with the amplified sgRNAs in CRISPR library,
the corresponding genes were ranked.

Immunoblotting (IB) and immunoprecipitation (IP) analysis

Cells were lysed in EBC lysis buffer (50 mM Tris pH 7.5, 120 mM
NaCl, 1% NP-40) supplemented with protease inhibitors (Complete
Mini, Roche) and phosphatase inhibitors (phosphatase inhibitor
cocktail set | and Il, Calbiochem). The cell lysates were resolved by
SDS-PAGE and immunoblotted with indicated antibodies. For
immunoprecipitation analysis, the lysates were incubated with
distinct agarose beads conjugated with SBP, Flag or GST at 4 °C for
2-8 h. The immuno-complexes bound to beads were washed four
times with NETN buffer (20 mM Tris, pH 8.0, 150 mM NaCl, T mM
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EDTA and 0.5% NP-40) and then were resolved by SDS-PAGE and
immunoblotted with indicated antibodies. To immuno-precipitate
the endogenous proteins, the cell lysates were incubated with the
indicated antibody and Protein A/G Sepharose beads at 4°C
overnight. The beads were washed six times with NETN buffer
following being resolved by SDS-PAGE. Quantification of the
immunoblot band intensity was performed with ImageJ software.

Breast tumour microarrays (TMA) and immunohistochemical

(IHC) staining

Tissue array (BC081120d) containing 10 cases of adjacent normal
breast tissues, 100 cases of invasive ductal carcinoma were
obtained from Biomax. The detailed procedures of immunohis-
tochemistry were performed as previously reported [12]. Sections
were incubated with anti-phospho-Ser79-ACC antibody (1:100)
and anti-CTR1 polyclonal antibody (1:250). T-47D xenograft or
MDA-MB-231 xenograft was sliced with 4 micron-thick, formalin-
fixed paraffin-embedded sections. Sections were incubated with
anti-phospho-Thr172-AMPKa antibody (1:100) and anti-Ki-67 anti-
body (1:100). All staining intensities were assessed and recorded
by a quantitative imaging method.

Peptide synthesis and dot blotting assay

CTR1-WT and CTR1-S105-phospho peptides synthesised by
ABclonal were used for dot blot assays. The sequences of peptides
were the following: CTR1-WT: RYNSMPVP-C, CTR1-pS105: RYN(pS)
MPVP-C. The peptides were diluted with PBS into the amount of
0.1, 0.2 and 0.3 ug and spotted onto nitrocellulose membrane
before being incubated with polyclonal anti-phospho-5105-CTR1
antibody for immunoblot analysis.

Immunofluorescence (IF) and cell fractionations

Cells inoculated on glass coverslips were transfected with indicated
plasmids and were disposed by distinct reagents at the indicated
time points. Then the cells were fixed with 4% paraformaldehyde at
room temperature (RT) for 15 min, washed twice with PBS and then
permeabilised with 0.05% Triton X-100 at RT for 10 min. After
washing three times with PBS, the cells were blocked with 5% BSA
for 30 min and then incubated with anti-HA antibody (1:200) or anti-
CTR1 antibody (1:200) at 4 °C overnight. Next, the cells were washed
three times and incubated with anti-rabbit 1gG (H+L), F(ab’)2
Fragment (Alexa Fluor® 488 Conjugate) (1:500) or anti-mouse IgG (H
+L), F(ab’), Fragment (Alexa Fluor® 594 Conjugate) (1:500) for 1 h at
RT. After washing three times, the cells were stained with DAPI and
analysed using confocal microscope ZEISS LSM880. Quantification
of the fluorescent intensity was performed with ImagelJ software.
Cell fractionations were performed with Cell Fractionation Kit (CST,
9038) following the instructions.

mRNA extraction and qPCR

Total RNA was extracted using a phenol-chloroform method with
TRIzol regent (Takara, 9109), and then reverse-transcribed using the
Superscript RT kit (Takara, 6210A) according to the manufacturer’s
instructions. Quantitative Real-time PCR was performed using the
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SYBR® Green Premix Pro Taq HS gPCR Kit Il (Rox Plus) (AG11719). Mass spectrometry

The primers are listed below:

Forward primer- hCTR1: CAACCTTCTCACCATCACCC
Reverse primer- hCTR1: AGTTCCACATTCTTAAAGCCAAAG
Forward primer- hActin: CATGTACGTTGCTATCCAGGC
Reverse primer- hActin: CTCCTTAATGTCACGCACGAT

Gel bands of proteins with catalase activity were excised for in gel
digestion, and proteins were identified by mass spectrometry as
previously described [53]. Briefly, proteins were disulfide reduced
with 5mM dithiothreitol (DTT) and alkylated with 11 mM
iodoacetamide. In-gel digestion was performed using sequencing
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Fig. 7 Metformin synergises with copper chelator TTM in vivo. a-e T-47D cells were subject to xenograft assays. The tumour size was
monitored (mean +SD, n=8) (*P <0.05, ANOVA test) (a and b). The tumours were dissected and weighed (mean +SD, n=8). *P <0.05,
**P < 0.01 (Student’s t-test) (c). The tumour sections were subject to IHC assay with anti-Ki-67 antibody and the images were analysed and
calculated (d and e) (mean = SD, n=3). *P <0.05, **P < 0.01 (Student’s t-test). Bar indicates 100 pm. f-j MDA-MB-231 cells were subjected to
xenograft assays. The tumour size was monitored (mean +SD, n=8) (*P <0.05, ANOVA test) (f and g). The tumours were dissected and
weighed (mean £SD, n=8). *P<0.05, **P<0.01 (Student’s t-test) (h). The tumour sections were subjected to IHC assay with anti-Ki-67
antibody and the images were analysed and calculated (i and j) (mean + SD, n = 3). *P < 0.05, **P < 0.01 (Student’s t-test). Bar indicates 100 pm.
k A proposed model for the potential roles of AMPK-CTR1-copper axis in breast cancer. Physiological activation of AMPK by glucose
deprivation or pathologically by metformin administration could stabilise CTR1, which facilitates copper uptake and activating downstream
oncogenic pathways, which possibly antagonises to AMPK tumour suppressor roles (left panel). Thus, this finding provides a strategy to
combine AMPK agonist metformin with copper chelator TTM for breast cancer therapies (right panel).

grade-modified trypsin in 50 MM ammonium bicarbonate at 37 °C
overnight. The peptides were extracted twice with 1% trifluor-
oacetic acid in 50% acetonitrile aqueous solution for 1h. The
peptide extracts were then centrifuged in a SpeedVac to reduce
the volume. The peptides were resuspended in 20 pl of 0.1% TFA,
followed by centrifugation at 20,000 x g at 4°C for 15min to
remove any particulate impurities.

For LC-MS/MS analysis, peptides were separated by a 40 min
gradient elution at a flow rate 0.300 pl/min with a Thermo-Dionex
Ultimate 3000 HPLC system, which was directly interfaced with a
Thermo Orbitrap Fusion Lumos mass spectrometer. The analytical
column was a homemade fused silica capillary column (75 um ID,
150 mm length; Upchurch, Oak Harbor, WA) packed with C-18
resin (300A, 5um; Varian, Lexington, MA). Mobile phase A
consisted of 0.1% formic acid, and mobile phase B consisted of
100% acetonitrile and 0.1% formic acid. An LTQ-Orbitrap mass
spectrometer was operated in the data-dependent acquisition
mode using Byonic software and there is a single full-scan mass
spectrum in the Orbitrap (300-1500 m/z, 120,000 resolution)
followed by 3 s data-dependent MS/MS scans in an lon Routing
Multipole at 40% normalised collision energy (HCD).

MS/MS spectra from each LC-MS/MS run were searched against
the human database using Proteome Discoverer (Version 1.4)
searching algorithm. The search criteria were as follows: full tryptic
specificity was required; two missed cleavages were allowed;
carbamidomethylation was set as fixed modification; phosphor-
ylation and oxidation (M) were set as variable modifications;
precursor ion mass tolerance was 20 ppm for all MS acquired in
the Orbitrap mass analyser; and fragment ion mass tolerance was
0.8 Da for all MS2 spectra acquired in the LTQ. High-confidence
score filter (FDR < 1%) was used to select the “hit” peptides and
their corresponding MS/MS spectra were manually inspected.

Purification of GST-tagged proteins from bacteria
Recombinant GST-CTR1 and GST-CTR1-S105A fragments were
generated by transforming the BL21 (DE3) Escherichia coli strain.
The indicated bacteria were inoculated (the ratio of 1:1000) into
40 ml volumes, respectively. Cultures were grown at 37 °C until an
O.D. of 0.8, and then protein expression was induced for 12-16 h
using 0.1 mM Isopropyl B-d-1-thiogalactopyranoside at 16 °C with
vigorous shaking. Bacteria pellets were collected and resuspended
in 5ml PBS buffer and sonicated to obtain at least 50% output.
Following centrifugation, each 1 ml supernatant was incubated
with 50 pl of 50% Glutathione-Sepharose slurry for 4 h at 4 °C. The
Glutathione beads were washed four times with PBS buffer and
eluted by elution buffer (50 mM Tris-HCI, 10 mM reduced
glutathione, pH 8.0) at RT. Yield of the desired proteins was
confirmed by analysing 10 ul beads by coomassie blue staining
and quantified against BSA standards.

In vitro kinase assay

CTR1 in vitro kinase assays were performed from a protocol
according to the manufacturer’s instructions by an AKT Kinase
Assay Kit purchased from Cell Signaling Technology. Briefly, 1 ug
of the bacterially purified GST-CTR1 and GST-CTR-S105A fusion
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proteins were incubated with 50ng AMPK kinase (Promega,
V4012) or immunoprecipitated AMPKa1B1y2 from glucose-
deprived HEK293T in the kinase buffer (200 uM ATP, 100 ng/pl
ATP-y-S, 50 mM Tris pH 7.5, 1 uM MnCl,, 2 mM DTT, 1 mM EGTA)
for 30 min at 30 °C. The reaction was subsequently stopped by the
addition of 5 x SDS loading buffer or added with 30 mM EDTA and
50 mM p-Nitrobenzyl mesylate at RT for 2 h, and then resolved by
SDS-PAGE for immunoblot analysis with indicated antibodies.
Furthermore, immunoprecipitated GST-CTR1 and GST-CTR1-S105A
were also incubated with immunoprecipitated AMPKa131y2
glucose-deprived HEK293T in the kinase buffer with a similar
protocol as done above.

In vivo ubiquitination assay

His-ubiquitin, Nedd4l-AC2, and CTR1 were transfected into
HEK293T cells. After transfection for 36 h, cells were treated with a
combination AMPK agonists or inhibitor with 10 uM carbobenzoxy-
Leu-Leu-leucinal (MG132) for 7 h. The cells were disposed, and the
ubiquitination was detected according to the procedures of in vivo
ubiquitination assay as reported previously [12].

Colony formation assays

Cells were seeded into 6-well plates (300 or 600 cells per well) and
treated with the indicated concentration of metformin and TTM,
following left for 8-14 days until the formation of visible colonies.
Colonies were washed with PBS and fixed with 10% acetic acid/10%
methanol for 2 h at RT, and then stained with 0.4% crystal violet in
20% ethanol for 2 h. Next, the plates were washed and air-dried, and
colony numbers were counted with ImageJ software.

Cell apoptosis

Cells were treated with the indicated concentration of metformin
or AICAR and TTM individually or in combination for the indicated
time points. And then, the resulting cells were collected and
stained using Annexin V-FITC/PI Apoptosis Detection Kit (Vazyme,
A211-01) according to the manufacturer’s instructions. Stained
cells were analysed by flow cytometry.

EdU staining

Distinct breast cancer cells were inoculated in the 96-well plate
and treated with the indicated concentration of metformin or
AICAR and TTM individually and in combination for the indicated
time points. Following incubation with 50 uM EdU solution for 2 h,
cells were disposed using Cell-Light EdU Apollo488 In Vitro Kit
(RIBOBO, C10310-3) and analysed by fluorescence microscope
(OLYMPUS). Quantification of the fluorescent intensity was
performed with ImageJ software.

Xenograft mouse study

Mouse xenograft assays were performed as previously described
[12]. Briefly, 2 x 10° T-47D cells or 4 x 10° MDA-MB-231 cells were
respectively injected into the flank of female nude mice (8/group,
GuangDong GemPharmatech Co., Ltd, 4 weeks of age). Once the
tumour size reached 50-100 mm?, mice were divided into four
groups. Besides control group, other groups were individually or in
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combination administered with metformin by intraperitoneal
injection or TTM by gavage. Metformin at a dose of 150 mg/kg
and/or TTM at a dose of 2mg was administered every day for
T-47D xenografted mice, whereas metformin at a dose of 100 mg/
kg and/or TTM at a dose of 1.5 mg/kg was administered every day
for MDA-MB-231 xenografted mice. Tumour size of T-47D and
MDA-MB-231 xenografted mice was measured every 2 or 3 days
with a caliper. The tumour volume was determined with the
formula: L x W? x 0.52, where L is the longest diameter and W is
the shortest diameter. All animal experimental procedures were
approved by the Institutional Animal Care and Use Committee of
Sun Yat-sen University.

Quantification and statistical analyses
GraphPad Prism version 6.0 was used for statistical analyses. For all
experiments, data were analysed by two-tailed Student’s t-test,
one-way analysis of variance (ANOVA) test and two-way ANOVA
test. N represents repeats of the experiment. Values of P < 0.05
were considered statistically significant.
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Data are available on request to the authors.
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